by these viruses recapitulates many key aspects of EBV infection, including the establishment of long-term latency within B lymphocytes, and is therefore a potentially valuable animal model of EBV infection. However, it is unclear whether these LCVs have adopted or maintained the same mechanisms used by EBV to express essential viral proteins, such as EBNA-1, in the face of cell-mediated repression of EBV gene expression that occurs upon establishment of the asymptomatic carrier state. To address this issue, we determined whether the endogenous LCVs of baboon (Cercopithecine herpesvirus 12) and rhesus macaque (Cercopithecine herpesvirus 15) have the functional equivalent of the EBV promoter Qp, which mediates exclusive expression of EBNA-1 during the restricted programs of EBV latency associated with the carrier state. Our results indicate that (i) both the baboon and rhesus macaque LCVs have a genomic locus that is highly homologous to the EBV Qp region, (ii) key cis-regulatory elements of Qp are conserved in these LCV genomes and compose promoters that are functionally indistinguishable from EBV Qp, and (iii) EBNA-1 transcripts identical in structure to EBV Qp-specific EBNA-1 mRNAs are present in nonhuman LCV-infected cells, demonstrating that these Qp homologs are indeed utilized as alternative EBNA-1 promoters. These observations indicate that the molecular mechanisms which regulate EBV gene expression during restricted latency have been conserved among the LCVs. The contribution of these mechanisms to viral persistence in vivo can now be experimentally tested in nonhuman primate models of LCV infection.
Epstein-Barr virus (EBV), the only known human herpesvirus of the Lymphocrytovirus genus, establishes a latent infection within B lymphocytes that is maintained for the life of its host. Upon primary infection of a B lymphocyte, EBV induces cellular proliferation through the concerted actions of several of the viral latency-associated genes. These genes encode six nuclear proteins (EBNA-1, -2, -3A, -3B, -3C, and -LP), three plasma membrane proteins (LMP-1, -2A, and -2B), the RK-BARF0 protein, and two highly expressed noncoding small nuclear RNAs (EBER-1 and EBER-2) (16, 26) . In vitro, such latently infected B cells are immortal and can be propagated indefinitely as lymphoblastoid cell lines (LCLs) that continue to express the full complement of EBV latency-associated genes, a program of EBV gene expression referred to as type III latency. Following acute infection in vivo, however, there is a host-mediated repression of a subset of the EBV genes expressed during the initial growth or type III latency program, namely those for EBNA-2, -3A, -3B, -3C, and -LP and the viral oncoprotein LMP-1 (19, 37, 46, 72) . Several of these, most notably the EBNA-3 proteins, are also the predominant targets for the developing cellular immunity to EBV-infected B cells (25, 41, 50) . Because B lymphocytes are potentially long-lived and dynamic cells that are readily accessible to the host antiviral immune surveillance, alternative programs of EBV latency are viewed as critical adaptations of EBV to the B-cell environment that ensure long-term survival of the latently infected cell and thus the pathogenic potential of EBV.
That EBV infection might persist in the face of a strong anti-EBV immune surveillance through maintenance of a less active state of latency was first suggested from studies of the EBV-associated B-cell tumor Burkitt lymphoma (BL). BL cells, which are resistant to killing by EBV-specific cytotoxic T lymphocytes (52) , maintain a restricted program of latent gene expression (type I latency) that includes EBNA-1 (essential for EBV genome maintenance), the BamHI-A rightward transcripts (BARTs) that encode RK-BARF0 and potentially other proteins, and the EBERs (2, 7, 18, 53) . PCR-based analyses of EBV infection in peripheral blood lymphocytes have confirmed that a program of EBV gene expression that is similar to type I latency, but which also includes LMP-2A, occurs during the asymptomatic carrier phase of EBV infection (9, 10, 37, 46, 72) . Moreover, such analyses have indicated that the principal site of EBV latency in the peripheral blood is a resting B cell (37, 38) . Thus, although EBV is capable of promoting sustained B-cell proliferation in vitro and has appreciable oncogenic potential, latent infection within an immunocompetent host is largely asymptomatic due to the restricted expression of EBV proteins that directly promote lymphoproliferation (Fig. 1) .
Although tumor cell lines such as those derived from BL have been a useful in vitro model of restricted latency, ultimately aspects of this important component of the EBV life cycle will need to be addressed in the context of nonmalignant B cells within a latently infected host, preferably an animal model that either duplicates or closely simulates the natural course of EBV infection. Unfortunately, EBV has an extremely limited host range, and although nonhuman primates such as cottontop marmosets are able to be infected with EBV, these experimental infections do not recapitulate key aspects of EBV infection of its natural host, particularly the establishment of a persistent latent infection in B lymphocytes (65) . Attempts to infect Old World primates with EBV have likewise been unsuccessful for several possible reasons, including crossserologic reactivity between EBV and the endogenous lymphocryptoviruses (LCVs) of these species (13, 17, 23) , the use of a nonimmortalizing strain of EBV (30) , and an apparent species-specific restriction for efficient B-cell immortalization (39) . An alternative model, however, is the infection of Old World primates with the LCVs that naturally infect these species. Comparative analyses of EBV and the endogenous LCVs of chimpanzee, baboon, and rhesus macaque have indicated that these viruses have highly homologous colinear genomes with very similar if not identical coding potentials, suggesting that they are biologically equivalent pathogens within their respective host species (17, 19-21, 29, 32, 33, 54, 74) . This prediction is supported by findings that each of the EBVrelated LCV proteins examined thus far is functionally equivalent to its EBV homolog, namely, EBNA-1, EBNA-2, LMP-1, and LMP-2A (14, 15, 31, 32, 74) , and that these LCVs share with EBV the ability to immortalize B lymphocytes of their natural host (12, 17, 39, 40, 47, 48) . However, the most compelling support for this potential model of EBV infection is the recent demonstration that infection of rhesus macaques with the LCV of rhesus macaques (RhLCV) duplicates key aspects of a natural EBV infection, notably (i) an oral route of transmission; (ii) the atypical lymphocytosis, lymphadenopathy, and elevated proportion of CD23 ϩ B cells in the peripheral blood that are observed in acute EBV infection associated with infectious mononucleosis; (iii) sustained serologic responses to lytic-and latent-infection antigens; (iv) establishment of a persistent latent infection in peripheral blood B cells; and (v) intermittent shedding of virus in oropharyngeal secretions following resolution of the acute infection (40) .
Because of the high degree of genetic identity that exists between the LCVs and because of their parallel courses of infection, maintenance of long-term latency in their respective LCV-immune hosts is almost certainly dependent on an ability of all LCVs to exist in a restricted program(s) of latency. Of particular importance with regard to the utility of the proposed LCV model of EBV infection, however, is whether the same regulatory mechanisms that dictate EBV gene expression during restricted latency are also operational in the animal model. A hallmark of restricted EBV latency is the utilization of the viral promoter Qp to drive transcription of the EBNA-1 gene (45, 63, 72) . This is in contrast to the type III latency program, FIG. 1. Model for the maintenance of EBV latency in B lymphocytes. In primary infection, a rapid EBV-induced expansion of infected B cells that express the full complement of known latency-associated genes (see text) serves to establish a pool of infected cells. These are equivalent to EBV-immortalized LCLs which characteristically express each of the six EBNA proteins through the Cp or Wp promoter, and they are susceptible to the developing cellular immunity directed toward EBV proteins expressed exclusively during type III latency (50) . In the asymptomatic carrier state, resolution of primary infection is concomitant with the establishment of resting B cells as the primary reservoir of EBV in the peripheral blood (37, 38) . These cells display a restricted pattern of EBV gene expression more characteristic of EBV-associated tumors such as BL (type I latency) or nasopharyngeal carcinoma (type II latency), in which Cp and Wp are silent and EBNA gene transcription is limited to EBNA-1 driven by the promoter Qp (6, 7, 9-11, 18, 22, 37, 45, 46, 53, 63, 67, 72, 75) . Hypothetically, latently infected B cells are periodically subjected to EBV-or physiologically induced proliferation, e.g., in response to mitogenic signals such as CD40 ligand on activated T cells, that may serve to sustain a critical pool of infected B cells. Note that the precise pattern of EBV gene expression in the resting B cell is currently undefined, as expression of only LMP-2A and EBNA-1 has been evaluated for this population (37) ; however, studies of EBV gene expression in unfractionated B-lymphocyte populations (9, 10, 46, 72) have indicated that a broader pattern of expression including the BARTs and EBERs occurs in healthy carriers, and thus EBV gene expression in the resting B cell may be indistinguishable from that in the hypothetical infected B cell shown here that is proliferating in response to physiological signals.
during which Qp is silent and expression of all six EBNAs is driven by one of two promoters (Wp or Cp) located approximately 50 kb upstream of Qp ( Fig. 1) (5, 58, 59, 73) . Here we report that the LCV of baboon (BaLCV) and RhLCV possess promoters that are functionally equivalent to EBV Qp. Specifically, these LCV promoters, like their EBV homolog, are dependent on interferon regulatory factors (IRFs) for activation and are negatively autoregulated by their respective EBNA-1 proteins. Furthermore, we demonstrate that when active these promoters, which lie approximately 46 kb upstream of the EBNA-1-coding region, give rise to EBNA-1 transcripts identical in exon structure to EBV Qp-specific EBNA-1 transcripts. These data, therefore, provide strong evidence for the existence of restricted latency programs in the nonhuman primate LCV infections that are identical to those believed to be essential to maintenance of a persistent EBV infection, and they thus further validate these animal models of EBV infection.
MATERIALS AND METHODS
Cell culture. Lymphoid cells were maintained in RPMI 1640 medium supplemented with 2 mM L-glutamine and 10% defined fetal bovine serum (HyClone). S594 is a BaLCV-infected B-cell line derived by spontaneous outgrowth from baboon peripheral blood lymphocytes (47) . Mm278LCL is an RhLCV-infected cell line derived by infection of rhesus macaque B lymphocytes in vitro with virus from the LCL8664 cell line (48) . IB4 is an EBV-immortalized human LCL, and Louckes, P3HR-1 (clone 16), and Akata are human BL cell lines. Induction of virus replication in P3HR-1 cells was accomplished by treatment with 20 ng of 12-O-tetradecanoylphorbol-13-acetate (Sigma) per ml and 4 mM sodium butyrate for 48 h prior to cell harvest, at which time approximately 90% of the cells are routinely positive for expression of EBV capsid antigen as determined by immunofluorescence staining. Murine embryonic fibroblasts (MEFs) nullizygous for IRF-1 and IRF-2 (IRF-1,2 Ϫ/Ϫ ) (70) were maintained in Dulbecco's modified Eagle medium supplemented with glucose (4.5 g/liter), L-glutamine (2 mM), and defined fetal bovine serum (10%).
Isolation, cloning, and nucleotide sequence analysis of viral DNA. DNA extracted from S594 cells by a modified Hirt procedure (49) was used as a source of BaLCV genomic DNA. Briefly, 10 7 cells were lysed in 2 ml of lysis buffer (0.6% sodium dodecyl sulfate, 10 mM EDTA, 10 mM Tris-HCl [pH 7.5]) and incubated for 2 h at 37°C. The bulk of cellular DNA was removed by the addition of NaCl to a final concentration of 1 M and incubation overnight at 4°C, followed by centrifugation at 12,000 ϫ g for 20 min at 4°C. The supernatant was extracted once with phenol-chloroform and once with chloroform, followed by precipitation of the DNA with 2 volumes of ethanol. This DNA was digested with BamHI and used to generate a genomic library in the lambda phage vector ZAP Express (Stratagene). The library was screened with a 32 P-labeled EBV SalI-I restriction fragment, which spans the Qp promoter region and hybridized to an ϳ6-kbp DNA fragment on Southern blots of BamHI-digested S594 DNA. Following plaque purification, the pBK-CMV phagemid within the ZAP Express vector and containing the 6-kbp BaLCV BamHI fragment was excised in vivo according to the protocol of the manufacturer (Stratagene). To subclone DNA fragments spanning the putative BaLCV Qp, the 6-kbp BamHI fragment was ligated to itself and sheared by sonication until the average size of DNA fragments was 800 to 1,000 bp. The randomized DNA fragments were treated with T4 DNA polymerase in the presence of deoxynucleoside triphosphates to repair the ends and then ligated into the SmaI restriction site of pBluescript KS(ϩ) II (Stratagene). Clones containing BaLCV DNA homologous to Qp were identified by colony hybridization with an EBV SalI-I probe and then subjected to DNA sequence analysis with T7 and T3 sequencing primers. The nucleotide sequence data obtained from 12 clones were assembled to yield the DNA sequence spanning positions Ϫ537 to ϩ76 relative to the transcription initiation site (ϩ1) of the EBV Qp.
RhLCV DNA was isolated from the B-cell line LCL8664 (48), partially digested with Sau3AI, and then ligated into the BamHI cloning site of the cosmid SuperCos1 (Stratagene). An EBV BamHI-Q probe was used to isolate clone QA15, which contained an insert corresponding to EBV nucleotides 58,036 to 108,534 (the genomic coordinate of Qp is ca. 62,400). The nucleotide sequence of the putative RhLCV Qp was determined directly from this cloned viral DNA, initially by employing oligonucleotide primers that were designed based on the regions surrounding EBV Qp that demonstrated the highest degree of sequence conservation between EBV and BaLCV.
Plasmids. Reporter gene plasmids were generated by ligating viral DNA fragments into the multiple cloning site of pOGH, which contains a promoterless human growth hormone (hGH) gene (64) . The EBV Qp-hGH reporter plasmid used contains viral DNA from positions Ϫ143 to ϩ75 (SalI to PvuII site) relative to the Qp transcription start site; in mtQp-hGH (also positions Ϫ143 to ϩ75) the IRF binding element of Qp (alternatively referred to as QRE-2) has been inactivated by replacement with a BamHI linker (42) . The BaLCV and RhLCV Qp fragments, equivalent to EBV DNA spanning positions Ϫ143 to ϩ75, were generated by PCR with the respective cloned viral DNA as the template. Reporter plasmids lacking a functional IRF binding site (mtQp) were generated by replacing the hexanucleotide sequence AACGAA (see Fig. 2 ) with a BamHI recognition site (GGATCC) by site-directed mutagenesis with the QuikChange system (Stratagene). To inactivate the putative EBNA-1 binding domain of the BaLCV and RhLCV promoters, a 34-bp deletion (nucleotides ϩ10 to ϩ43; see Fig. 2 ) was introduced by recombinant PCR as previously described for the EBV promoter (57) . BaLCV and RhLCV EBNA-1 expression vectors were generated by ligating the respective EBNA-1 coding sequence (to be described elsewhere) into pSG5 (Stratagene). Rhesus macaque EBNA-1 expression was confirmed by transfection into Cos cells, followed by immunoblotting with rhesus macaque immune sera. The IRF-2 expression plasmid pSG.IRF-2 has been described previously (43) .
Transfections and reporter gene assays. Prior to transfection by electroporation as described previously (57), Louckes, S594, and IB4 cells were maintained in roller bottle cultures for at least two feedings. Transfections were done in triplicate (8 ϫ 10 6 cells per transfection) with 10 g of Qp-hGH reporter plasmid and, where indicated, also with 5 g of either the empty expression vector pSG5 or the appropriate pSG5-based EBNA-1 expression vector, pSG.E1. The level of hGH in the culture medium was determined in duplicate approximately 40 h posttransfection by using a radioimmunoassay kit (Nichols Institute). IRF-1,2 Ϫ/Ϫ MEFs were transfected by using the modified calcium phosphate procedure with N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) (Calbiochem) as the buffer (3). One day prior to transfection, 8 ϫ 10 5 cells were plated per 100-mmdiameter tissue culture dish. Cells were cotransfected in triplicate with 10 g of reporter plasmid and 5 g of either pSG5 or pSG.IRF-2. The calcium phosphate-DNA precipitate was allowed to remain on the cells for 18 h at 35°C in a 3% CO 2 atmosphere, after which the cells were rinsed twice with 10 ml of phosphatebuffered saline and fed with 10 ml of fresh growth medium. Cells were then maintained at 37°C in 5% CO 2 for an additional 48 h prior to assay of hGH expression. All transfections included 1 g of a ␤-galactosidase expression vector (pCMV-␤gal), and all hGH values were normalized to ␤-galactosidase activity (adjusted for total protein assayed) in transfected-cell extracts to correct for differences in transfection efficiency.
Analysis of RNA. For Northern (RNA) blot analysis, 10 g of poly(A) ϩ RNA, isolated as described previously (43), was fractionated by electrophoresis in a 1.2% agarose-2.2 M formaldehyde gel and transferred to a GeneScreen Plus membrane (DuPont). RNA Millennium markers (Ambion) were used as size standards. RNA blots were subjected to hybridization to a 32 P-labeled (by nick translation) DNA probe containing the BaLCV or RhLCV EBNA-1 open reading frame (ORF), washed, and processed by autoradiography as previously reported (59) .
Generation of EBNA-1 cDNAs by reverse transcription-PCR (RT-PCR) was accomplished as follows. Five hundred nanograms of poly(A) ϩ RNA was reverse transcribed at 42°C with Superscript-II reverse transcriptase (GibcoBRL) and 10 pmol of the relevant RT primer in a 20-l reaction mixture as recommended by the manufacturer. Primers were chosen based on selection by the program Primer Designer (Scientific and Educational Software) and so that they would anneal to the respective EBNA-1 mRNA approximately 250 nucleotides downstream of the EBNA-1 translation initiation codon. RT primer sequences were as follows: EBV, 5Ј-GTGGGTCCCTTTGCAGCCAA-3Ј; BaLCV, 5Ј-GCTTCCTCCTGA TGTACCAC-3Ј; and RhLCV, 5Ј-TGCTTCCTCCAGTGCCACCT-3Ј. Control reactions without reverse transcriptase were run in parallel. Following cDNA synthesis, samples were incubated at 70°C for 15 min and then diluted with TE buffer (10 mM Tris-HCl [pH 8.0], 0.1 mM EDTA) to 500 l, from which 10 l was used as a template for amplification by PCR. The PCR primers used for each sample were a nested 3Ј primer specific for the exon encoding EBNA-1 and one of three 5Ј primers (SP1, SP2, or SP3) to distinguish the origin of EBNA-1-specific transcription (see Results). These 5Ј primers were as follows: for EBV, 5Ј-TATAACGCAGGTCCTGTTCC-3Ј (SP1), 5Ј-CCTGTCACCACCTCCCTG AT-3Ј (SP2), and 5Ј-AAGGCGCGGGATAGCGTGCG-3Ј (SP3); for BaLCV, 5Ј-GTGAGGCTATAACGCAGGTC-3Ј (SP1), 5Ј-ACCAGCCACAACCTCCC TGA-3Ј (SP2), and 5Ј-AAGGCGCGGGATAGTGTATG-3Ј (SP3); and for RhLCV, 5Ј-GTGAGGCTATAACGCATGTC-3Ј (SP1), 5Ј-CCACCTCCCTAA TAGTGTCT-3Ј (SP2), and 5Ј-AAGGCGCGGGATAGTGTATG-3Ј (SP3). The nested 3Ј PCR primers were as follows: EBV, 5Ј-GTCTTGGCCCTGATCCTG AG-3Ј; BaLCV, 5Ј-TTGCGCCACTGCCTCCTTTG-3Ј; and RhLCV, 5Ј-CCAT TGCCATGTCTTGTCTC-3Ј. PCR was done with 50-l reaction mixtures containing 25 pmol of each primer; 1 mM each dATP, dCTP, dGTP, and dTTP; 10% dimethyl sulfoxide; 10 mM Tris-HCl (pH 9.0); 2.5 mM MgCl 2 ; 50 mM KCl; and 2.5 U of Taq DNA polymerase. DNA was amplified for 35 cycles (95°C for 40 s, 55°C for 2 min, and 72°C for 3 min), followed by a final extension at 72°C for 15 min. One-tenth of each reaction mixture was then electrophoresed in a 1.5% agarose gel, transferred to a GeneScreen Plus membrane (DuPont), and processed by standard Southern blot hybridization techniques (55) . The probes utilized were EBV, BaLCV, and RhLCV Qp-specific EBNA-1 cDNAs that had been generated by RT-PCR, cloned, and subjected to DNA sequence analysis.
RESULTS
DNA sequence conservation in the EBNA-1 promoter region. To determine whether the baboon and rhesus macaque LCV genomes were likely to contain a homolog of the EBV EBNA-1 promoter Qp, DNA was isolated from the BaLCVinfected S594 and RhLCV-infected Mm278LCL B-cell lines and subjected to Southern blot analysis with a 0.9-kbp EBV DNA probe (SalI-I) that contains Qp. Using relatively nonstringent conditions for the hybridization and washing of Southern blots, we obtained results indicating that both viruses contain DNA homologous to the EBV Qp promoter region (data not shown). We therefore cloned and determined the nucleotide sequences of the BaLCV and RhLCV DNAs homologous to the EBV Qp region (see Materials and Methods). An alignment of the BaLCV and RhLCV nucleotide sequence data with the sequence of the homologous EBV DNA (4) is presented in Fig. 2 and represents the DNA spanning positions Ϫ537 to ϩ76 (EBV genomic coordinates 61,886 to 62,498) relative to the major transcription start site (ϩ1) of Qp.
The degree of identity observed between the two primate LCVs and EBV within this locus was 86% for BaLCV and 80% for RhLCV. BaLCV and RhLCV were 86% identical. Although BaLCV demonstrated a 6% greater identity to EBV than did RhLCV, BaLCV and RhLCV appeared to be more closely related to each other than to EBV, since the primate LCVs shared a number of differences from EBV that were clearly nonrandom. For example, both primate LCVs had an identical 9-bp deletion relative to EBV at positions Ϫ456 to Ϫ464. Furthermore, of 132 nucleotide substitutions noted in the BaLCV and RhLCV DNAs relative to EBV, 60 (46%) occurred at the same position in BaLCV and RhLCV, and of these, 45 (75%) represented an identical substitution.
IRF-2 activates the BaLCV and RhLCV Qp promoters. In general, the known and putative regulatory elements of Qp were well conserved, as were those of Fp, a lytic-cycle EBNA-1 promoter (28, 45, 62) located immediately upstream of Qp (Fig. 2) . This suggested that BaLCV and RhLCV each contain a promoter that is functionally equivalent to Qp. However, in both BaLCV and RhLCV nucleotide substitutions were detected within or adjacent to three previously defined regulatory elements of Qp: QRE-1, a positive regulatory element and potential binding site for the cellular transcription factor LBP-1 (42); QRE-2, a positive as well as potentially negative regulatory element targeted by members of the IRF family of transcription factors (43, 60, 76) ; and the region III EBNA-1 binding domain, which contains two binding sites for EBNA-1 that act in trans with EBNA-1 to negatively autoregulate Qp (57, 61, 68) . Two putative E2F binding sites located immediately downstream of the transcription start site (68) and shown previously to be required for full promoter activity (44) were completely conserved.
Previous studies have established that Qp is constitutively activated by either IRF-1 or IRF-2 through binding to QRE-2 (43, 60) . Therefore, to determine whether this region of the (4) is aligned with the DNA sequences of the homologous regions of the BaLCV and RhLCV genomes and represents nucleotides Ϫ537 to ϩ76 relative to the major transcription start site (ϩ1) within the EBV Qp (45, 63) . Known and predicted promoter-regulatory elements (see text) are boxed and include those for the lytic cycle-specific EBNA-1 promoter Fp (CAAT, LR-1, TATA, and Sp1) (8, 56) as well as for Qp (QRE-1, QRE-2, E2F, and EBNA-1) (42-44, 57, 60, 61, 68). Sites of transcription initiation are denoted by bent arrows. Differences in the BaLCV and RhLCV sequences relative to that of EBV are indicated; dots and dashes represent identical and deleted nucleotides, respectively.
BaLCV and RhLCV genomes did indeed contain a promoter functionally equivalent to Qp, we assessed the ability of BaLCV and RhLCV DNAs to direct QRE-2-dependent transcription in a reporter gene assay. BaLCV and RhLCV DNA fragments equivalent to positions Ϫ143 to ϩ75 of EBV Qp were generated by PCR and cloned into a promoterless hGH reporter plasmid. Reporter constructs in which the putative QRE-2 element of each was mutated (mtQp) by substitution with a BamHI recognition sequence as previously described for EBV Qp (43) were also generated, and the promoter activities of the constructs were then compared to those of the analogous EBV-derived plasmids in transient-transfection assays with EBV-negative Louckes BL cells. As demonstrated in Fig.  3A , both the BaLCV and RhLCV reporter plasmids were transcriptionally active, and mutation of the putative QRE-2 element in each resulted in a 90% reduction in promoter activity, virtually identical to the results obtained with the analogous EBV reporter plasmids. To confirm that transcriptional activation of the BaLCV and RhLCV promoters could be driven by either IRF-1 or IRF-2, cotransfection experiments were performed with MEFs nullizygous for IRF-1 and IRF-2 (IRF-1,2 Ϫ/Ϫ ). As shown in Fig. 3B , in the absence of cotransfection with an IRF-2 expression plasmid, neither the BaLCV nor the RhLCV promoter was active in IRF-1,2 Ϫ/Ϫ cells. However, both promoters could be activated in response to cotransfection with an IRF-2 expression plasmid, whereas the promoters within reporter constructs containing a mutated QRE-2 element (mtQp) were unresponsive to IRF-2 (Fig. 3B) . Similar results were obtained with coexpression of IRF-1 (data not shown). Thus, both primate LCVs contain a promoter that is functionally indistinguishable from the EBV Qp with respect to dependence on IRF-1 or IRF-2 for activation of transcription.
Negative autoregulation of the BaLCV and RhLCV Qp promoters. An additional feature of the Qp EBNA-1 promoter is the presence of two binding sites for EBNA-1 immediately downstream of the transcription start site through which EBNA-1 is capable of repressing transcription from Qp (57, 61, 68) . It is believed that this function of EBNA-1 is largely responsible for silencing Qp during type III latency, as well as for regulating EBNA-1 levels through Qp during the restricted EBV latency programs in normal B lymphocytes in vivo and in EBV-infected tumor cells. Within the baboon and rhesus macaque LCVs, four nucleotide changes were detected relative to EBV in the upstream-most EBNA-1 binding site, and one change was detected within the downstream binding site (Fig.  2) . This degree of conservation is similar to that observed between the EBNA-1 binding sites within the respective EBV and BaLCV origins of DNA replication (33) . The same substitutions (relative to EBV Qp) occurred in both BaLCV and RhLCV, and four of these five substitutions were nucleotide transitions as opposed to transversions. To determine whether the BaLCV and RhLCV promoters were responsive to their respective EBNA-1 proteins, the BaLCV and RhLCV EBNA-1 ORFs were cloned into mammalian expression vectors and used in cotransfection assays to assess the effect of EBNA-1 on promoter function. As demonstrated in Fig. 4 (left panel downstream EBNA-1 binding site resulted in unresponsiveness to EBNA-1 (Fig. 4, right panel) . Thus, the BaLCV and RhLCV promoters, like the EBV Qp, are subject to autoregulation. As a result of the 34-bp deletion, relative promoter activity increased three-to fivefold in these cells in the absence of EBNA-1 (Fig. 4 ). An identical but less dramatic effect of this deletion on EBV Qp activity has also been observed (57) , suggesting that cellular factors also negatively regulate Qp. Such repression may be mediated by pRB that has been targeted to Qp through E2F transcription factors bound to lowaffinity E2F binding sites (68) within the EBNA-1 binding domain (see Fig. 2 ).
Qp-specific EBNA-1 transcription in latently infected B lymphocytes. The data presented above indicated that the baboon and rhesus macaque LCVs possess a promoter that is functionally indistinguishable from EBV Qp. However, because Qp is approximately 46 kbp upstream of the exon containing the EBNA-1 ORF, the appropriate splicing events must occur to generate an EBNA-1 mRNA. Therefore, before it could be concluded that the baboon and rhesus LCV homologs of Qp are functional EBNA-1 promoters, it was necessary to demonstrate that transcripts that initiate from these promoters are spliced to generate an mRNA from which EBNA-1 could be expressed. Within cells latently infected by EBV, Qp is active only within tumor cells and normal B cells in vivo that maintain a restricted latency program (45, 62, 72) . Thus, we did not expect to observe Qp-driven expression of EBNA-1 in LCLs latently infected with either BaLCV or RhLCV, in which the Cp EBNA promoter is active (16a) . Northern blot analysis of EBNA-1 expression in BaLCV-infected S594 cells and RhLCV-infected Mm278LCL cells revealed the presence of transcripts consistent with transcription initiating from Cp (or Wp), as expected, and also smaller transcripts indicative of either Fp-or Qp-specific transcription (Fig. 5) .
To determine whether Qp was active in these cells or whether these smaller transcripts were merely the result of activation of Fp in a small proportion of cells supporting lytic infection, we performed an RT-PCR-based assay capable of distinguishing Qp-from Fp-specific EBNA-1 transcripts (45). As illustrated in Fig. 6 (bottom) , cDNA synthesis was primed with a primer that annealed within the EBNA-1 ORF, followed by amplification of cDNAs by PCR with a nested EBNA-1-specific 3Ј primer (E1) and one of three 5Ј primers (SP1, SP2, or SP3) that would anneal within the 5Ј exon of a cDNA derived from an EBNA-1 mRNA that initiated from either Fp or Qp (SP3) or exclusively from Fp (SP2); the primer SP1 was included to detect any transcripts that might initiate upstream of Fp (56) .
Surprisingly, although the BaLCV-infected S594 cells exhibited some Fp/lytic cycle activity, the majority of transcripts detected within these cells, and the only transcripts detected in the RhLCV-infected cells, initiated from Qp, not Fp. The BaLCV and RhLCV Fp-specific primers (SP2) were fully functional when tested for the ability to amplify genomic DNA (data not shown), and thus the smaller amount of Fp-specific transcripts detected could not be attributed to inefficiency of the SP2 primers. Therefore, none of the RhLCV and only a minority of the BaLCV cDNAs amplified with the SP3 primer could be attributed to Fp-or lytic cycle-specific transcription. Moreover, even though our RT-PCR assay was not necessarily quantitative, the relative levels of Qp-specific transcription predicted from this assay were in good agreement with the data obtained by Northern blot analysis of EBNA-1 mRNA expression in these two cell lines (Fig. 5) . The sizes of the amplified BaLCV and RhLCV cDNAs, furthermore, suggested that the equivalent of the 172-nucleotide noncoding exon from the BamHI-U fragment present in EBV EBNA-1 mRNAs was also contained in the primate LCV EBNA-1 mRNAs. Sequence analysis of the BaLCV and RhLCV cDNAs confirmed that the U exon, as well as the 5Ј splice site of the EBNA-1 coding exon, is conserved in both viruses (data not shown).
Finally, to address whether the endogenous Qp activity detected in the baboon and rhesus macaque LCLs was due to the specific host cell environment or to inherent differences in the regulation of these promoters relative to EBV Qp, we compared the activities of the BaLCV and EBV Qp promoters in baboon (S594) and human (IB4) LCLs by a reporter gene assay. The RhLCV-infected LCLs were excluded because of the very low transfection efficiency achieved with these cells. As illustrated in Fig. 7 , both the BaLCV and EBV Qp promoters containing their respective autoregulatory domains were active in S594 cells, consistent with the detection of endogenous Qp activity in these BaLCV-infected cells (Fig. 6) . By contrast, both promoters were virtually inactive in IB4 cells, in agreement with previous observations of a lack of EBV Qp-driven reporter activity in human B cells that maintain type III latency (57, 61) . Interestingly, EBV Qp activity in the S594 cells was fivefold greater than that of BaLCV Qp. This is consistent with our recent observation that BaLCV EBNA-1 may not be as efficient as EBV EBNA-1 in the repression of EBV Qp (data not shown). Upon deletion of the EBNA-1 binding domain in each construct, however, we observed only minor differences in Qp activity, regardless of the cell line used. These data suggest, therefore, that the endogenous Qp activity detected in the nonhuman primate LCLs predominantly reflects the cellular environment (most likely a low level of EBNA-1 expression) and not an inherent difference in the regulation of these promoters relative to EBV Qp. Thus, the Qp homologs present within the baboon and rhesus macaque LCV genomes are indeed alternative promoters of EBNA-1 gene transcription functionally equivalent to EBV Qp.
DISCUSSION
EBV, as well as other herpesviruses, is characterized by the ability to persist for the life of its host as a latent infection in which expression of viral genes is highly restricted. A defining property of the restricted programs of EBV latency is the exclusive expression of EBNA-1 via the promoter Qp. Here we have shown that the endogenous LCVs of baboons and rhesus macaques contain a promoter that is functionally indistinguishable from EBV Qp. Consequently, the BaLCV and RhLCV promoters, as previously demonstrated for EBV Qp (43, 57, 60, 61, 68) , are dependent on constitutively expressed IRF-1 or IRF-2 for activation and can be autoregulated. Furthermore, the presence of transcripts that initiate from these Qp homologs within LCV-infected B cells and which have the same exon structure as the analogous EBV mRNA confirms that these are indeed functional promoters that regulate transcription of the BaLCV and RhLCV EBNA-1 genes. This work, therefore, provides the first direct evidence that Old World primate LCVs utilize restricted latency programs to maintain a persistent infection within their LCV-immune host and that the same mechanisms that regulate EBV gene expression during restricted latency are also likely to be operational in the nonhuman primate models of EBV infection.
One difference between these EBNA-1 promoters that we did note was that whereas EBV Qp is normally silent within an LCL (type III latency), active BaLCV and RhLCV Qp promoters were detected in the LCLs examined here (Fig. 5 and  6 ), even though these cells maintain a type III latency program as indicated by the presence of an active Cp (30a) and expression of EBNA-2 (40) . This may indicate that EBNA transcription driven by Cp or Wp in the BaLCV-and RhLCV-infected LCLs is insufficient to express the level of EBNA-1 needed to completely silence Qp during type III latency. Indeed, we repeatedly found that the levels of EBNA-1 mRNA were very low in these LCLs, and in particular in the RhLCV-infected LCL (Fig. 5) , requiring autoradiographic exposure times of several days. By contrast, detection of Cp-or Wp-specific EBV EBNA-1 transcripts within an LCL such as IB4, which does not exhibit Qp activity, requires only several hours of exposure (59) . Furthermore, both BaLCV and EBV Qp reporter plasmids were more active in S594 cells than in IB4 cells, as one would expect if EBNA-1 levels were critical in determining the degree of Qp activity during a type III latency.
An additional observation of note is the presence of a block of nucleotide substitutions within BaLCV and RhLCV that result in an AT-rich region relative to the EBV Qp between positions Ϫ21 and Ϫ27 (Fig. 2) , the position at which one would expect a TATA box in a classical RNA polymerase II promoter. Although it is unlikely that these are functional TATA boxes, it is interesting to speculate that Qp may have evolved from a promoter that originally contained a TATA box and that the BaLCV and RhLCV promoters still contain remnants of this element. Because Qp is a relatively simple promoter, not unlike those of many housekeeping genes, loss of a TATA box may have contributed positively to the efficiency of Qp-mediated EBNA-1 expression by releasing this promoter from a higher order of regulation that may be generally inherent in TATA-containing promoters (66) .
Previous studies have established that EBV and the Old World primate LCVs are virtually identical with respect to their B-cell tropism and effects on the growth properties of latently infected cells (LCLs) in vitro (12, 13, 17, 39, 40, 47, 48) . Demonstrations that the EBNA-1, EBNA-2, LMP-1, and LMP-2 genes of EBV not only are genetically conserved among the LCVs but also are functional homologs (14, 15, 31, 32, 74) , furthermore, are strong evidence that identical molecular mechanisms and biochemical pathways are employed by these viruses to promote cell growth associated with type III latency. Infection of primates such as rhesus macaques with RhLCV, therefore, provides an excellent model of this aspect of EBV infection, as we have recently shown (40) . An equally important component of the EBV life cycle, however, is the restricted latency program(s) that presumably enables the virus to persist within the B-cell population of a host that is in all classical respects immune to EBV infection. The demonstration here that the mechanism employed by EBV to express EBNA-1 during restricted latency is conserved in BaLCV and RhLCV infections suggests that this animal model of EBV infection will be equally representative of the events that directly promote long-term infection.
Although it is generally accepted that restricted latency is an important mechanism for immune evasion and maintenance of persistent infection (36, 71) , this remains to be formally tested.
Conserved mechanisms for restricted latency in nonhuman LCV infections suggest that this is an essential component for virus survival, and such infections now provide an experimental system for testing in vivo. Based on an analysis of the minimal genetic information necessary for B-cell immortalization by EBV (24) , one would predict that deletion of Qp in RhLCV would not affect B-cell immortalization in vitro associated with the type III latency program but would prevent establishment of the restricted latency program in vivo due to the inability to express EBNA-1 upon repression of Cp and Wp. Naive rhesus macaques infected with RhLCV lacking Qp may well develop an acute mononucleosis-like syndrome upon primary infection, and immune responses to both viral lytic-and latent-infection proteins may develop normally, but an inability to sustain a restricted latency program may preclude immune evasion and prevent establishment of a persistent latent infection. These experiments would formally test the importance of restricted latency programs in vivo and potentially provide attenuated viruses for vaccination against EBV or heterologous proteins.
An authentic animal model of EBV infection would also be of great utility in addressing the fundamental aspects of restricted latency itself. None of the EBV gene products associated with restricted latency in vivo (EBNA-1, LMP-2, the BARTs, and EBERs) (Fig. 1 ) are known to directly influence cell growth, and with the exception of EBNA-1, which is required for maintenance of the viral genome, none are essential for cell proliferation and sustained growth in vitro (27, 34, 35, 51, 69) . The contribution of these EBV gene products to persistence in vivo, therefore, is unclear. Infection with recombinant viruses carrying mutations in the LMP-2, BART, or EBER genes or with these genes deleted may provide a means to define the roles of these genes in vivo and elucidate additional strategies for disrupting persistent herpesvirus infections. RT-PCR analysis was employed to detect, and distinguish between, Qp-and Fp-specific EBNA-1 gene transcription in S594 (BaLCVinfected) and Mm278LCL (RhLCV-infected) cells. The exon structure of an EBNA-1 mRNA (not to scale) derived from either Fp (active during lytic infection) or Qp is illustrated at the bottom; Fp and Qp transcription start sites (bent arrows) and the relative annealing sites of the oligonucleotide primers used for RT and subsequent amplification of cDNAs by PCR are depicted with respect to the mRNA structure. The upper two panels demonstrate detection of Qpspecific EBNA-1 transcription in latently infected BL cells (Akata), in which Fp is silent, and detection of Fp activity in lytically infected BL cells (P3HR-1 BL cells treated with 12-O-tetradecanoylphorbol-13-acetate and sodium butyrate), respectively. By comparison, the predominate origin of EBNA-1 transcription detected in the BaLCV-and RhLCV-infected cells was attributable to Qp. PCR products were detected by Southern blot hybridization with an EBV, BaLCV, or RhLCV cDNA probe that had been generated by the respective SP3-E1 primer pair and sequenced to confirm that they were EBNA-1 cDNAs. ϩ/Ϫ, presence and absence, respectively, of reverse transcriptase in the cDNA synthesis reaction.
FIG. 7.
The EBV and BaLCV Qp promoters are similarly regulated in baboon and human LCLs. S595 and IB4 cells were transfected in triplicate with EBV and BaLCV Qp-hGH reporter plasmids (Fig. 4) that did (Qp) or did not (Qp⌬34) contain a functional EBNA-1 autoregulatory domain. Data have been corrected for differences in transfection efficiency. Error bars indicate standard deviations.
